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Though much is known about the cellular andmolec-
ular components of the circadian clock, output path-
ways that couple clock cells to overt behaviors have
not been identified.We conducted a screen for circa-
dian-relevant neurons in the Drosophila brain and
report here that cells of the pars intercerebralis (PI),
a functional homolog of the mammalian hypothala-
mus, comprise an important component of the circa-
dian output pathway for rest:activity rhythms. GFP
reconstitution across synaptic partners (GRASP)
analysis demonstrates that PI cells are connected
to the clock through a polysynaptic circuit extending
from pacemaker cells to PI neurons. Molecular
profiling of relevant PI cells identified the cortico-
tropin-releasing factor (CRF) homolog, DH44, as
a circadian output molecule that is specifically
expressed by PI neurons and is required for normal
rest:activity rhythms. Notably, selective activation
or ablation of just six DH44+ PI cells causes arrhyth-
micity. These findings delineate a circuit through
which clock cells can modulate locomotor rhythms.
INTRODUCTION
Most physiological and behavioral processes exhibit daily oscil-
lations under the control of an internal circadian-timing system,
which organizes these processes with respect to one another
and the external environment. Circadian rhythms of rest:activity
are controlled by dedicated clock neurons, which containmolec-
ular clocks; input pathways, which synchronize these clocks to
external signals such as light; and output pathways, which allow
circadian signals to drive rhythmic behavior. Though much is
known about the molecular components of the circadian clock,
as well as the identity of the core clock neurons, little is knownabout the downstream neuronal populations that comprise the
circadian output pathway.
The Drosophila brain contains 150 clock neurons, which are
subdivided based on several characteristics, including anatom-
ical location, and include the large and small ventral lateral neu-
rons (l-LNvs and s-LNvs, respectively), the dorsal lateral neurons
(LNds), the lateral posterior neurons, and three groups of dorsal
neurons (DN1, DN2, andDN3; Allada andChung, 2010). Of these,
the s-LNvs appear to function as master circadian regulators.
Flies lacking these neurons are behaviorally arrhythmic under
conditions of constant darkness (Renn et al., 1999), and flies
with functional clocks only in s-LNvs display robust rhythms in
constant darkness, indicating that these cells are both necessary
and sufficient to mediate free-running rest:activity rhythms
(Grima et al., 2004; Stoleru et al., 2004). s-LNvs synchronize the
various clock groups through the release of pigment-dispersing
factor (PDF), a neuropeptide that is selectively expressed by
the LNvs (Lin et al., 2004; Yoshii et al., 2009; Stoleru et al., 2005).
Although the s-LNvs set the period under constant conditions
(i.e., in the absence of environmental cycles), robust rhythms are
an emergent property of the clock cell network (Collins et al.,
2012) and depend on the contribution of multiple, interdepen-
dent clock cell populations. Less is known about the function
of the dorsal groups of clock neurons, although there is growing
evidence that the DN1s integrate circadian and environmental
signals to influence overt rhythms (Lear et al., 2009; Zhang
et al., 2010a, 2010b) andDN2 neurons have recently been shown
to play a role in rhythms of temperature preference (Kaneko
et al., 2012). Furthermore, non-PDF+ clock cells (including
LNds and DN1s) are capable of driving rhythmic locomotor
behavior under certain conditions and the LNds are required
for the evening peak of activity in the presence of light:dark
cycles (Stoleru et al., 2007; Murad et al., 2007; Picot et al.,
2007). A major question is how this clock network transmits
time-of-day signals to other parts of the brain to produce rhyth-
mic behavior. Though a few studies have identified molecules
that contribute to rhythmic rest:activity (Williams et al., 2001;
Chang, 2006; Allada and Chung 2010; Luo and Sehgal, 2012),Cell 157, 689–701, April 24, 2014 ª2014 Elsevier Inc. 689
Figure 1. Constitutive Activation of Non-Dilp2-Expressing PI Neurons Causes Behavioral Arrhythmicity without Affecting the Molecular
Clock
(A) Maximum projection confocal brain images ofGAL4 hits.GAL4 hits were crossed to UAS-nlsGFP flies, and brains were stained for GFP. Insets show close-up
of PI region.
(legend continued on next page)
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these molecules were not mapped to specific neuronal popula-
tions, and so the identity of ‘‘output neurons’’ is largely unknown.
The pars intercerebralis (PI) is the Drosophila equivalent of the
mammalian hypothalamus (de Velasco et al., 2007). The location
of the PI, near the putative projections of several groups of clock
neurons, suggests the possibility of direct modulation of this
brain area by cells of the clock (Kaneko and Hall, 2000; Hall,
2003). Consistent with this idea, expression of slowpoke binding
protein (Slob), a modulator of the calcium-dependent potassium
channel, SLOWPOKE, cycles in neurons of the PI in a clock-
dependent manner (Jaramillo et al., 2004). However, loss of
SLOB does not impact rest:activity rhythms, raising doubts
about the relevance of SLOB-expressing cells for behavioral
rhythms (Shahidullah et al., 2009). Nevertheless, the PI is im-
plicated in several behaviors/physiological processes that are
under circadian control, such as sleep (Foltenyi et al., 2007;
Crocker et al., 2010), locomotion (Gatti et al., 2000; Belgacem
and Martin, 2002), and metabolism (Rulifson et al., 2002;
Broughton et al., 2005), although, thus far, not in the circadian
regulation of these processes.
Here, we demonstrate that specific subsets of PI neurons
comprise a necessary component of the circadian output
pathway for rest:activity rhythms. Through a behavioral screen
in which we activated subsets of neurons in a temporally and
spatially controlled manner, we show that activation of PI
neurons renders flies behaviorally arrhythmic, without affecting
molecular oscillations in core clock neurons. We further used
GFP reconstitution across synaptic partners (GRASP) (Feinberg
et al., 2008) to trace a circuit that extends from the master pace-
maker s-LNv cells, through DN1 neurons, and finally to cells of
the PI, thus identifying an anatomical substrate through which
the PI could receive circadian signals. We also conducted
RNA-sequencing analysis (Buckley et al., 2011; Eberwine and
Bartfai, 2011) of relevant PI neurons to identify candidate-
signaling molecules through which the PI may communicate
with downstream locomotor control areas and demonstrate
that one such molecule, the corticotropin-releasing factor
(CRF) homolog, DH44, is required for normal rest:activity
rhythms. Finally, we used restricted GAL4 drivers to show that
constitutive activation or genetic ablation of the DH44+ subset
of PI neurons is sufficient to produce arrhythmicity.
RESULTS
An Unbiased Screen for Circadian Output Neurons
We hypothesized that constitutive activation of neurons of the
output pathway would lead to behavioral arrhythmicity. We(B) Representative activity records of individual kurs58-GAL4/UAS-dTrpA1 (left),
and after transition to 28C. Activity records are double-plotted, with gray and bla
21C and the first 4 days at 28C (red shading).
(C) kurs58-GAL4/UAS-nlsGFP; Dilp2-mCherry/+ brain stained for GFP (right; gre
shown in the center panel.
(D)Activity recordsof individualDilp2-GAL4/UAS-dTrpA1 (left),Dilp2-GAL4/+ (middle
(E and F) kurs58-GAL4/UAS-dTrpA1 (E) and control dTrpA1/+ (F) brains were stain
DD at 28C. PER cycling was indistinguishable between the two genotypes.
(G) Activity records of individual kurs58-GAL4/UAS-dTrpA1 (left), kurs58-GAL4/+
followed by 4 days at 28C (red shading), and 5 days at 21C, demonstrating rec
See also Figure S1.therefore undertook a behavioral screen in which we ectopically
activated subsets of CNS neurons through GAL4-driven expres-
sion of the warmth-activated channel, dTRPA1 (Pulver et al.,
2009). This manipulation afforded us spatial and temporal
control over neuronal activity and allowed us to perform intra-
animal comparisons of free-running rest:activity rhythms at
21C, when dTRPA1 is inactive, and 28C, when dTRPA1 activa-
tion leads to constitutive neuronal firing in GAL4+ cells. We
classified rhythm strength based on c2 periodogram and fast
Fourier transform (FFT) analysis (Figure S1A available online)
and considered a GAL4 line as a hit if there was at least a
50% decrease in the number of flies whose rhythms were mod-
erate to strong (FFT R 0.03) following the transition to high
temperature.
We initially screened 102 GAL4 lines, which were known to be
expressed in adult Drosophila brains. For nearly a third of these
lines (30/102), transition to elevated temperature was lethal,
precluding rest:activity analysis. Several other lines exhibited
intermediate lethality, with some proportion of the flies dying
during the course of the experiment. To avoid false positives
due to flies becoming sick during temperature increases, we
excluded lines in which >1/2 of flies died during testing. We
were left with 54 GAL4 lines after excluding those that exhibited
high lethality. For the majority of these healthy lines (35/54),
rest:activity rhythms were unaffected following temperature
increases. In 10/54 lines, however, dTRPA1-mediated neuronal
activation caused a clear degradation of circadian rhythmicity
(Figure 1A; Table 1). The remaining lines exhibited intermediate
phenotypes in which rhythms appeared to get weaker but did
not satisfy our criteria for a hit.
The PI as a Circadian Output Area
The hits identified by our screen exhibited a range of expression
patterns, from restricted to widespread (Figure 1A). However, we
noted that all ten lines showed expression in the PI. We did not
observe any other consistent area of overlap among hits. PI
expression also predominated among lines with intermediate
phenotypes (eight of nine had PI expression).
Among hits, kurs58-GAL4 had the most restricted expression
pattern, labeling only a few cells outside of the PI. The phenotype
of kurs58 > dTrpA1 flies was typical of the hits in our screen
(Table 1; Figure 1B). At 21C, these flies are robustly rhythmic,
with75% exhibiting strong rhythms (FFTR 0.05). Upon transi-
tion to 28C, however, only 27% of flies had strong rhythms
and over 40% were completely arrhythmic.
Kurs58-GAL4 was identified in an enhancer trap screen as
labeling a group of larval PI cells (Siegmund and Korge, 2001).kurs58-GAL4/+ (middle), and UAS-dTrpA1/+ flies under DD conditions, before
ck bars indicating subjective day and night, respectively, for the last 4 days at
en) and mCherry (left; red). A merged image demonstrating lack of overlap is
), andUAS-dTrpA1/+fliesunderDDconditionsbeforeandafter transitionto28C.
ed for PERIOD (red) and PDF (blue) at various time points on the second day of
(middle), and UAS-dTrpA1/+ (right) flies in DD conditions for 5 days at 21C,
overy of rhythms after transition back to 21C.
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Table 1. Degradation of Rest:Activity Rhythms following dTRPA1-Mediated Activation
Genotype n D%
21C 28C
SR% MR% WR% AR% FFT ± SEM SR% MR% WR% AR% FFT ± SEM
dTrpA1/+ 159 3.1 76.0 16.9 6.5 0.6 0.090 ± 0.004 79.2 13.0 7.1 0.6 0.098 ± 0.004
kurs58-G4/dTrpA1 40 17.5 75.8 21.2 3 0 0.077 ± 0.006 27.3 12.1 18.2 42.4 0.052 ± 0.007a,b
kurs58-G4/+ 33 6.1 74.2 12.9 12.9 0 0.075 ± 0.006 90.3 6.5 3.2 0 0.121 ± 0.009
dTrpA1/+; c767-G4/+ 28 3.6 59.3 22.2 18.5 0 0.062 ± 0.008 14.8 11.1 26 48.1 0.046 ± 0.009a
c767-G4/+ 24 0 87.5 0 12.5 0 0.088 ± 0.01 87.5 8.3 4.2 0 0.131 ± 0.013
dTrpA1/+; A307-G4/+ 22 9.1 75 15 5 5 0.079 ± 0.01 0 0 0 100 n/a
A307-G4/+ 18 0 77.8 16.6 0 5.6 0.089 ± 0.01 83.3 16.7 0 0 0.093 ± 0.01
c929-G4/dTrpA1 21 19 70.6 17.6 5.9 5.9 0.067 ± 0.007 5.9 5.9 41.1 47.1 0.035 ± 0.013
c929-G4/+ 17 5.9 93.8 6.2 0 0 0.104 ± 0.008 87.5 6.3 6.2 0 0.108 ± 0.013
dTrpA1/+; c507-G4/+ 22 0 45.5 36.3 18.2 0 0.06 ± 0.008 13.6 9.1 45.5 31.8 0.03 ± 0.005c
c507-G4/+ 20 0 80 20 0 0 0.102 ± 0.01 85 15 0 0 0.08 ± 0.007
53b-G4/dTrpA1 28 7.1 80.8 11.5 7.7 0 0.083 ± 0.007 23.1 19.2 19.2 38.5 0.046 ± 0.007a,c
53b-G4/+ 20 0 85 5 10 0 0.099 ± 0.012 100 0 0 0 0.191 ± 0.01
104906-G4/dTrpA1 27 33.3 72.2 22.2 0 5.6 0.083 ± 0.007 0 0 0 100 n/a
104906-G4/+ 26 3.8 80 16 4 0 0.079 ± 0.006 96 4 0 0 0.144 ± 0.01
dTrpA1/+;; ok107-G4/+ 26 7.7 79.2 12.5 8.3 0 0.074 ± 0.006 8.3 4.2 0 87.5 0.143 ± 0.091
ok107-G4/+ 24 12.5 95.2 4.8 0 0 0.101 ± 0.008 85.7 14.3 0 0 0.082 ± 0.008
1471-G4/dTrpA1 22 36.4 85.7 7.2 7.1 0 0.078 ± 0.008 0 0 14.3 85.7 0.014 ± 0.011
1471-G4/+ 20 0 95 5 0 0 0.096 ± 0.007 95 5 0 0 0.101 ± 0.007
c320-G4/dTrpA1 12 41.7 71.4 28.6 0 0 0.095 ± 0.016 28.6 0 14.3 57.1 0.12 ± 0.06
c320-G4/+ 10 0 100 0 0 0 0.163 ± 0.011 100 0 0 0 0.145 ± 0.012
dTrpA1/+; DH44VT-G4/+ 46 0 23.9 26.1 37.0 13.0 0.038 ± 0.003 23.9 19.6 34.8 21.7 0.044 ± 0.005d
DH44VT-G4/+ 37 0 40.5 35.1 21.6 2.7 0.047 ± 0.004 73.0 21.6 2.7 2.7 0.103 ± 0.02
dTrpA1/+; DH44FL-G4/+ 39 2.6 73.7 23.7 2.6 0 0.068 ± 0.005 28.9 21.1 34.2 15.8 0.039 ± 0.004b,d
DH44FL-G4/+ 40 0 82.5 15 2.5 0 0.092 ± 0.008 97.5 0 0 2.5 0.113 ± 0.007
Dilp2-G4/dTrpA1 12 0 100 0 0 0 0.125 ± 0.011 100 0 0 0 0.168 ± 0.015c
Dilp2-G4/+ 10 0 80 10 10 0 0.086 ± 0.016 80 10 10 0 0.13 ± 0.021
AR, arrhythmic; dTrpA1, UAS-dTrpA1; D, dead ;G4,GAL4; MR, moderately rhythmic; SR, strongly rhythmic; WR, weakly rhythmic. See also Table S1.
ap < 0.05 compared to both dTrpA1 and GAL4 controls, two-way repeated-measures ANOVA with Tukey post hoc test.
bp < 0.01 compared to 21C, two-way repeated-measures ANOVA with Tukey post hoc test.
cp < 0.05 compared to 21C, two-way repeated-measures ANOVA with Tukey post hoc test.
dp < 0.005 compared to both dTrpA1 and GAL4 controls, two-way repeated-measures ANOVA with Tukey post hoc test.We found that, in the adult, kurs58-GAL4 labels 16–18 PI cells
(average of 16.7 ± 1.1 PI cells/brain; n = 7). Notably, kurs58-
GAL4+ PI neurons are entirely complementary to those express-
ing the insulin-like peptide, DILP2 (Figure 1C), which contribute
to metabolic and sleep functions in the fly (Rulifson et al.,
2002; Broughton et al., 2005; Crocker et al., 2010). Unlike
kurs58-GAL4, activation of Dilp2+ PI neurons did not affect
rest:activity rhythms (Figure 1D; Table 1). Thus, kurs58-GAL4
marks a subset of PI neurons that functions to modulate loco-
motor rhythms. This dissociation between Dilp2+ and kurs58-
GAL4+ PI neurons suggests that, like the mammalian hypo-
thalamus, the PI is comprised of discrete populations of neurons
that couple to unique physiological outputs.
Kurs58-GAL4 is present in only a few neurons outside of the
PI. Among non-PI neurons, it most prominently labels R4
neurons of the ellipsoid body (EB), a region thought to control
locomotor activity (Strauss and Heisenberg, 1993). R4 neurons
can be most clearly seen when kurs58-GAL4 is used to drive692 Cell 157, 689–701, April 24, 2014 ª2014 Elsevier Inc.expression of CD8GFP (Figure S1B). R4 EB neurons are also
present in c507-GAL4, another hit from our screen (Figure 1A).
We do not believe that these EB neurons are part of the circadian
output circuit, however, as activation of these neurons with
other EB-expressing drivers did not affect rest:activity rhythm
strength (Figures S1C–S1E; Table S1). Nevertheless, we did
note a general increase in activity following temperature
increases in several of these EB-expressing lines (Figure S1E),
thus arguing that dTRPA1 effectively activated these cells
and demonstrating that we are able to differentiate between gen-
eral activity increases and de facto alterations in circadian
rhythmicity.
The Molecular Clock Is Unaffected by Altered Activity in
PI Neurons
Because output neurons function downstream of core clock
cells, manipulations of the output pathway should affect circa-
dian rhythms without disrupting the underlying molecular clock.
Figure 2. GRASP Analysis Reveals a Circa-
dian Output Circuit Emanating from Clock
Neurons
(A) Pdf-LexA,LexAop-GFP11/LexAop-FLP; nsyb-
GAL4/FRT-UAS-GFP1-10-FRT brain visualized for
GFP (green). PDF staining (blue) shows that GRASP
signal is visible along the length of the dorsal pro-
jection of the s-LNvs.
(B) cry-GAL4/Y; Pdf-LexA,LexAop-GFP11/Pdf-
GAL80; UAS-GFP1-10/+ brain visualized for GFP
(green) and PDF (blue), with identical GRASP signal
as in (A).
(C) Pdf-LexA,LexAop-GFP11/+; Clk4.1M-GAL4/
UAS-GFP1-10 brain showing GRASP signal in
dorsal brain.
(D) Close-up of boxed region in (C), double-labeled
for PER immunofluorescence (red).
(E) TUG-GAL4/UAS-nlsGFP; 911-QF/QUAS-mtd-
tomato brain stained for tomato.
(F) Close-up of boxed region in (E), double-labeled
for GFP, showing that 911-QF expresses in DN1
cells.
(G) Clk4.1-LexA/LexAop-CD8GFP brain stained
for GFP, showing specific expression in DN1
cells.
(H) Clk4.1-LexA/LexAop-CD8GFP brain stained for
GFP (green) and PER (red).
(I) kurs58-GAL4/LexAop-GFP11; Clk4.1-LexA/UAS-GFP1-10 brain, with GRASP signal (green) in PI region (boxed). Brain is colabeled for PDF (blue).
(J) Close-up of boxed region in (I).
(K) kurs58-GAL4/QUAS-GFP11; 911-QF/UAS-GFP1-10 brain confirms GRASP signal in PI region.
(L) kurs58-GAL4/QUAS-Rab3eGFP; 911-QF/UAS-Denmark brain, double labeled for GFP (green) and mCherry (red). For (A) and (B), dotted line indicates brain
surface. All GRASP signals represent endogenous GFP fluorescence (no GFP antibody was used).
See also Figure S2.To determine if our PI manipulations compromised themolecular
clock, we stained brains for PERIOD (PER), a core clock mole-
cule, at various time points under conditions of constant dark-
ness. Consistent with an effect downstream of clock neurons,
we found that cycling of PERIOD protein in s-LNvs was unaltered
by dTRPA1-mediated constitutive activation of kurs58-GAL4+
cells (Figures 1E and 1F). Identical results were observed with
c767-GAL4 (not shown), another hit from our screen that labels
a larger population of PI cells.
We also found behavioral evidence that dTRPA1-mediated
activation of PI neurons did not disrupt the underlying function
of clock neurons. When we returned flies to lower temperatures
following temperature increases of 4 days (Figure 1G), behavioral
rhythms recovered at a similar phase as control lines, suggesting
that the clock was running undisturbed during our neuronal
manipulations. However, it should be noted that not all flies
recovered normal rest:activity rhythms, presumably because
prolonged activation of output neurons produced lasting effects
on their responsiveness to circadian signals.
DN1 Cells Directly Contact PI Neurons
In parallel with the dTRPA1 screen described above, we con-
ducted experiments to trace anatomic outputs from clock cells,
so as to take a multipronged approach toward dissecting circa-
dian output circuitry. Specifically, we used the GRASP technique
to delineate the connections made by clock neurons with down-
stream neuronal populations. In this technique, two different cell
populations are made to express individual split GFP compo-nents (GFP11 and GFP1-10), which reconstitute a functional
GFP molecule if these cells come into close contact with one
another (Feinberg et al., 2008; Gordon and Scott, 2009). GRASP
is typically usedwith the LexA-LexAop andGAL4-upstream acti-
vating sequence (UAS) systems (Gordon and Scott, 2009). We
also made a transgenic fly in which we placed the GFP11 frag-
ment downstream of a QUAS element in order to adapt the tech-
nique for use with the QF-QUAS system (Potter et al., 2010).
We first sought to identify downstream partners of s-LNv cells,
which are the master pacemakers in Drosophila. To broadly
identify the regions in which s-LNv cells contact downstream
partners, we paired Pdf-LexA > GFP11 with panneuronal
expression of GFP1-10. We employed a modified GFP1-10
transgene that allowed us to exclude GFP1-10 from any cells
expressing GFP11 through flippase (FLP)-mediated recombina-
tion (see Experimental Procedures), thus ensuring that any
positive signal came from actual cellular contacts and was not
simply due to expression of both molecules in PDF+ cells. We
observed GRASP signal along the entire length of the dorsal
projection of the s-LNvs (Figure 2A). Importantly, we saw a nearly
identical GRASP signal when we limited GFP1-10 expression to
non-PDF+ clock cells (Figure 2B). These results suggest that
s-LNvs make extensive connections within the clock network,
consistent with the fact that most clock neurons are responsive
to PDF application (Shafer et al., 2008).
In order to more specifically determine which clock cell popu-
lations are contacted by the PDF+ clock cells, we next asked if
PDF+ cells make direct contact with DN1 neurons, using theCell 157, 689–701, April 24, 2014 ª2014 Elsevier Inc. 693
Figure 3. DH44 Is a Circadian-Signaling Molecule Expressed by PI Cells
(A) DH44 immunostaining.
(B) Close-up of boxed region in (A), showing expression in six PI neurons.
(legend continued on next page)
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Clk4.1M-GAL4 line, which is exclusively expressed by a poste-
rior set of DN1 cells (DN1p) (Zhang et al., 2010a, 2010b). We
focused on the DN1s because molecular oscillations in these
cells are usually in synchrony with those of the s-LNvs, suggest-
ing that they are part of the same circuit (Stoleru et al., 2005). We
found that s-LNvs and DN1p populations do indeed contact one
another, at the most distal portions of the s-LNv dorsal projec-
tion, just ventral to the DN1 cell bodies (Figures 2C and 2D). To
verify this connection, we made use of the InSITE 911-QF line,
which expresses in two groups of brain neurons, a nonclock
group of cells near LNd neurons, and DN1 cells (Figures 2E
and 2F). Identical to what we observed with Clk4.1-Gal4, 911-
QF > GFP11 paired with Pdf-GAL4 > GFP1-10 produced robust
GFP signal in the dorsal part of the fly brain, at the distal end of
the PDF+ dorsal projections of the s-LNvs (Figures S2A and
S2B). Because 911-QF is expressed in photoreceptor cells, we
also saw GFP signal in the optic lobe, where l-LNvs, which also
express PDF, project extensively.
If the PI is a circadian output area, it should be anatomically
connected to clock cells. To test this, we performed GRASP
experiments in which we drove GFP1-10 expression with
kurs58-GAL4 and paired this with expression of GFP11 in
different clock cell populations. We never observed GRASP
signal when we drove GFP11 with Pdf-LexA, thus demonstrating
that the s-LNvs do not directly contact PI cells. This assertion
is supported by the fact that the dorsal projections of PDF+
s-LNvs generally do not appear to extend into the region of
the PI (Figure 2I) and argues that the master pacemaker
cells do not directly communicate with downstream output
populations.
In order to test for a possible connection between DN1 cells
and PI neurons, we made a Clk4.1-LexA line using the same
promoter elements present in the Clk4.1M-GAL4 line. This line
showed robust and specific expression in DN1s (Figures 2G
and 2H). Clk4.1-LexA > GFP11, when paired with kurs58-GAL4
> GFP1-10, produced extensive GFP signal in the area of the
PI (Figures 2I and 2J). We observed a similar signal when we
expressed GFP11 in 911-QF+ neurons and GFP1-10 in kurs58-
GAL4+ cells (Figure 2K), thus verifying the connection between
DN1 cells and PI neurons.
Synaptic contacts between DN1 cells and PI neurons were
also supported through use of the QF-QUAS and GAL4-UAS
binary systems to simultaneously label different components of
DN1 and PI cells in the same fly. We drove expression of a
postsynaptically localized protein (RAB3-eGFP) in DN1 cells
with 911-QF and identified PI cell dendrites with the dendritically
localized Denmark (Nicolaı¨ et al., 2010). Consistent with our
GRASP analysis, these experiments showed that presynaptic(C) Overlap between DH44 immunostaining (blue) and kurs58-GAL4 > nlsGFP (g
(D) Dilp2-mCherry brain, double-labeled for mCherry (green) and DH44 (blue), sh
(E and F) Partial reduction of DH44 immunostaining in kurs58-GAL4/UAS-DH44 R
brains.
(GandH)Complete lossofDH44 immunostaining inelav-GAL4/Y;UAS-DH44RNA
(I and J) Individual activity records demonstrating weakened rhythms following
Dicer2 flies and elav-GAL4/Y; UAS-Dicer2/+; UAS-DH44 RNAi TRiP/+ flies.
(K) Tub-GAL4/+; UAS-DH44 Antagonist/+ flies demonstrate that DH44 receptor
See also Figure S3.DN1 proteins are in very close apposition to postsynaptic com-
ponents of PI neurons (Figure 2L).
RNA Sequencing Profiling of PI Neurons Identifies DH44
as a Circadian Output Molecule
To identify signaling molecules through which PI cells might
communicate with downstream locomotor control regions, we
isolated PI neurons for RNA-sequencing experiments (Buckley
et al., 2011; Eberwine and Bartfai, 2011). It should be noted
that, although we attempted to capture single PI cells, sub-
sequent anatomical analysis demonstrated that, at least in
some cases, multiple PI cells contributed to a single sample.
Sequencing analysis also revealed the presence of cuticular-
and glial-specific mRNAs, likely from cellular debris entering
the pipet during the harvesting. Nevertheless, we identified
molecules expressed specifically in PI cells (see below) and veri-
fied the expression pattern of important candidates through the
use of antibody and GAL4 analysis.
We used a candidate gene approach to identify neurotrans-
mitters and neuropeptides expressed by PI cells. We found
that four of five cells expressed mRNA for the vesicular gluta-
mate transporter, Vglut, thus implicating glutamate as a potential
signaling molecule in PI cells. We additionally identified 13 pep-
tides with appreciable mRNA expression in at least two of five
cells (Table S2) and tested for a functional contribution of these
peptides to the control of rest:activity rhythms by knocking down
their expression with RNAi constructs. Among the peptides iden-
tified was DH44, a Drosophila homolog of the stress hormone,
CRF. DH44 was uniformly expressed among all five PI cells
that we analyzed and was among the most highly expressed
peptidemRNA in these cells. In agreement with previous studies,
immunohistochemical analysis showed that DH44 expression
was restricted to six PI neurons (Cabrero et al., 2002; Park
et al., 2008; Figures 3A and 3B). We did not observe significant
DH44 immunoreactivity outside of the PI, with the exception of
a few additional, faintly labeled cells scattered throughout the
brain (not shown). The DH44+ PI cells are a subset of those
labeled by kurs58-GAL4 (Figure 3C) and thus do not express
Dilp2 (Figure 3D).
To test for a contribution of DH44 to behavioral rhythms, we
employed an RNAi strategy to reduce DH44 expression. We first
used kurs58-GAL4 to drive expression of two different RNAi
constructs but found that knockdown was incomplete, presum-
ably because kurs58-GAL4 does not drive expression of the
RNAi construct at sufficient levels (Figures 3E, 3F, and S3A).
Although the knockdown was incomplete, DH44 levels were
uniformly reduced in all six DH44+ PI neurons, suggesting that
all six DH44 cells express kurs58-GAL4. When we usedreen).
owing lack of overlap.
NAi KK; UAS-Dicer2/+ and kurs58-GAL4/+; UAS-DH44 RNAi TRiP/UAS-Dicer2
i KK/UAS-Dicer2orelav-GAL4/Y;UAS-Dicer2/+;UAS-DH44RNAi TRiP/+brain.
panneuronal knockdown of DH44 in elav-GAL4/Y; UAS-DH44 RNAi KK/UAS-
antagonism degrades rest:activity rhythms.
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Table 2. Manipulations of DH44 Signaling or Ablation of PI Neurons Degrade Rest:Activity Rhythms
Genotype n
25C
SR% MR% WR% AR% FFT ± SEM
elav-GAL4/Y; UAS-Dicer2/+ 64 81.3 12.5 4.7 1.6 0.078 ± 0.005
elav-GAL/Y; DH44 KK/Dicer2 60 25 20.0 46.7 8.3 0.037 ± 0.003a
DH44KK/+ 60 95.0 5.0 0 0 0.101 ± 0.005
elav-GAL4/Y; Dicer2/+; DH44 TRiP/+ 59 22.0 16.9 40.7 20.3 0.040 ± 0.004a
DH44 TRiP/+ 59 86.4 11.9 1.7 0 0.111 ± 0.007
DH44 Ant/+ 64 84.4 10.9 4.7 0 0.078 ± 0.004
Tub-GAL/+; DH44 Ant/+ 53 43.4 35.8 17.0 3.8 0.055 ± 0.005b
Tub-GAL4/+ 54 90.7 7.4 0 1.9 0.144 ± 0.008
UAS-reaper/Y 139 92.8 5.8 0.7 0.7 0.104 ± 0.003
UAS-reaper/Y;; DH44VT-GAL4/+ 47 2.1 10.6 25.5 61.7 0.024 ± 0.003a
DH44VT-GAL4/+ 63 63.5 20.6 15.9 0 0.072 ± 0.005
UAS-reaper/Y; SIFa-GAL4/+ 96 17.7 30.2 21.9 29.2 0.038 ± 0.002a
SIFa-GAL4/+ 105 85.7 14.3 0 0 0.113 ± 0.006
See also Table S2.
ap < 0.0005 compared to UAS and Gal4 controls. ANOVA with Tukey post hoc test.
bp < 0.005 compared to UAS and Gal4 controls. ANOVA with Tukey post hoc test.elav-GAL4 to drive double-stranded RNA (dsRNA) expression,
we saw a near complete (90%–100%) reduction in mRNA
levels and a total loss of DH44 protein (Figures 3G, 3H, and
S3A). Behaviorally, we found that RNAi-mediated knockdown
of DH44 with elav-GAL4 resulted in a degeneration of locomotor
rhythms, such that only 20%–25% of knockdown flies had
strong rhythms, compared to 80%–90% of control lines (Fig-
ures 3I and 3J; Table 2). This phenotype was not as robust as
our previous manipulations, in which we constitutively activated
PI cells (e.g., fewer flies became totally arrhythmic), suggesting
that other signaling molecules, in addition to DH44, contribute
to PI modulation of locomotor rhythms. We did not see evidence
for cycling ofDH44mRNA or protein (Figures S3B and S3C), so it
does not appear that circadian fluctuations of DH44 levels un-
derlie its effects on locomotor rhythms.
To further confirm a role for DH44 in rest:activity rhythms, we
used a genetically expressed DH44 antagonist, which lacks
the first 11 amino acids of the DH44 peptide, to ubiquitously
counteract DH44 signaling. In in vitro and ex vivo assays, the
antagonist effectively reduced DH44-evoked signaling at DH44
receptors (Figures S3D and S3E; Johnson et al., 2005). We found
that, similar to RNAi-mediated knockdown, DH44 antagonism
also significantly reduced behavioral rhythmicity, such that
only 45% of flies had strong rhythms, compared to 85%–
90% of controls (Figure 3K; Table 2). These experiments provide
strong evidence for the genetic specificity of our RNAi experi-
ments, thereby substantiating a contribution of DH44 to rest:
activity rhythms.
Activation of DH44+ Cells Degrades Rest:Activity
Rhythms
Because none of the hits from our original screen were restricted
to the PI, we could not unequivocally conclude that activation of
PI neurons was responsible for the behavioral phenotype. How-
ever, as we have shown that DH44 expression selectively marks696 Cell 157, 689–701, April 24, 2014 ª2014 Elsevier Inc.a subpopulation of circadian-relevant PI cells, we reasoned that
manipulation of DH44+ cells would allow us to address whether
PI activation is sufficient to degrade rest:activity rhythms. To that
end, we identified two GAL4 lines from the Vienna Tile and Fly
Light databases in which GAL4 expression is driven by com-
ponents of the DH44 regulatory sequence (Figure 4A). The first
line (VT039046), which we refer to as DH44VT-GAL4, faithfully
recapitulated endogenous DH44 expression, in that GAL4 was
entirely restricted to DH44+ PI cells (Figures 4B–4E). The second
line (R65C11), which we refer to asDH44FL-GAL4, also exhibited
prominent PI label but additionally showed expression in a
small number of neurons that project to the fan-shaped body
(Figure 4F).
Importantly, dTRPA1-mediated activation of either line re-
sulted in a circadian phenotype. Unfortunately, UAS-dTrpA1/+;
DH44VT-GAL4/+, along with DH44VT-GAL4/+ controls, were
only weakly rhythmic at 21C, making intra-animal comparisons
of UAS-dTrpA1/+; DH44VT-GAL4/+ flies uninformative. How-
ever, upon transition to 28C,GAL4 control flies became robustly
rhythmic (73% had strong rhythms), whereas only 23.9% of
UAS-dTrpA1/+; DH44VT-GAL4/+ flies were strongly rhythmic at
this temperature (Figure 4G; Table 1). The phenotype of
DH44FL-GAL4 flies was more typical of the hits in our screen,
with flies showing robust rhythms at 21C, which degraded
upon transition to 28C (Figure 4H; Table 1).
Ablation of PI Neurons Causes Arrhythmicity
We have shown that ectopic activation of PI neurons, using a
variety of GAL4 drivers, disrupts locomotor rhythms. We
reasoned that, if a neuronal population is indeed part of the circa-
dian output pathway, then manipulations that ablate these pop-
ulations should also result in behavioral arrhythmicity, because
downstream cells should be deprived of circadian modulation.
To test this, we sought to genetically ablate PI neurons via
GAL4-mediated expression of the reaper transgene, which
Figure 4. Activation of DH44+ PI Neurons
Degrades Rest:Activity Rhythms
(A) Schematic of the DH44 gene, showing the
location of the regulatory sequences used to drive
GAL4 expression for the DH44-GAL4 lines.
(B) DH44VT-GAL4/UAS-CD8GFP brain, stained
for GFP.
(C–E) UAS-nlsGFP/+; DH44VT-GAL4/+ brain,
double-labeled for GFP (C) and DH44 (E) immu-
nofluorescence. A merged image is shown in (D),
demonstrating complete overlap.
(F) DH44FL-GAL4/UAS-CD8GFP brain, stained
for GFP.
(G) Activity records of individual UAS-dTrpA1/+;
DH44VT-GAL4/+ (left), DH44VT-GAL4/+ (middle),
and UAS-dTrpA1/+ (right) flies under DD condi-
tions before and after transition to 28C (red
shading).
(H) Activity records of individual UAS-dTrpA1/+;
DH44-GAL4FL/+ (left) and DH44FL-GAL4/+ (right)
under DD conditions before and after transition to
28C (red shading).causes cell death. Induction of reaperwithmost of ourGAL4 hits,
including kurs58-GAL4, resulted in lethality. In contrast, perhaps
due to the more restricted expression, we found that DH44VT-
GAL4 > reaper flies were viable and thus tested these flies for
a circadian phenotype. DH44VT-GAL4 induction of reaper led
to a complete ablation of these cells, as determined by a loss
of DH44 immunostaining (Figure 5A). This was accompanied
by a profound degeneration of rest:activity rhythms, such
that only 2% of flies had strong rhythms and 60% were
completely arrhythmic (Figure 5B; Table 2).
Although the DH44 cells are clearly important circadian-
relevant cells in the PI, they represent only three cells/hemi-
sphere out of a total of approximately eight or nine labeled by
kurs58-GAL4. In the course of our analysis of the PI, we discov-
ered a GAL4 line that reflects expression of the SIFamide
peptide, which is present in only two cells/hemisphere of the PI
(Figures S4A–S4C; Terhzaz et al., 2007; Park et al., 2008). We
found evidence for SIFa mRNA expression in two of five PI
cells in our RNA-sequencing (RNA-seq) experiments (Table
S2), and antibody staining confirmed that SIFa peptide expres-
sion defines a subset of those cells labeled by kurs58-GAL4
(Figure S4E). However, SIFa-GAL4 cells are distinct from those
that express DH44 peptide (Figure S4F), even though profiling
experiments indicated that both SIFa mRNA-expressing cells
also expressed DH44 mRNA. This discrepancy is likely due
either to contamination from neighboring cells or because
DH44 mRNA is not translated into peptide in these SIFa+ cells.
Notably, rest:activity rhythms were weakened when we usedCell 157, 689–SIFa-GAL4 to drive reaper expression
(Figure 5C; Table 2). Thus, kurs58-GAL4+
PI neurons are made up of at least two
molecularly distinct subsets, and selective
ablation of either of these subsets reduces
the strength of locomotor rhythms. Unex-
pectedly, we did not observe a behav-
ioral phenotype when we used dTRPA1to activate SIFa+ cells, either because activity in these cells is
not sufficient to degrade rhythms or because we aren’t able to
activate them strongly enough with dTRPA1. Nevertheless,
GRASP analysis showed that both DH44+ and SIFa+ PI cells
are contacted by DN1 clock cells (Figures S2C and S2D),
confirming our results with kurs58-GAL4 and further demon-
strating that circadian-relevant PI cells are targets of the clock
network.
Importantly, we found that clock cell function was unaltered
following PI cell ablation, as the presence and morphology of
PDF+ cells appeared grossly normal, and cycling of PERIOD
protein in s-LNvs was unchanged in both DH44-GAL4 > reaper
andSIFa-GAL4 > reaper flies (Figure S4G). These results indicate
that the PI functions downstream of core clock cells to control
rest:activity rhythms.
DISCUSSION
Given its location near the axonal projections of several groups
of clock neurons and its function in metabolic, locomotor, and
sleep processes, the PI has been proposed as a possible
component of the output pathway in Drosophila (Hall, 2003),
but direct evidence supporting a contribution to behavioral or
physiological rhythms has been lacking. Here, we used a com-
bined genetic, anatomical, and molecular approach to unequiv-
ocally identify specific subsets of PI cells as comprising part of
the circadian output circuit for rest:activity rhythms. We demon-
strate that ectopic activation of PI neurons is sufficient to induce701, April 24, 2014 ª2014 Elsevier Inc. 697
Figure 5. Ablation of Subsets of PI Neurons
Results in Behavioral Arrhythmicity
(A) Complete and specific ablation of the DH44+ or
SIFa+ subsets of PI neurons in UAS-reaper/+;;
DH44VT-GAL4/+ and UAS-reaper/+; SIFa-GAL4/+
flies, respectively. Ablation is demonstrated by a
loss of DH44 (top panels) or SIFa (bottom panels)
immunofluorescence.
(B) Activity plots of individual UAS-reaper/Y;;
DH44VT-GAL4/+ (left), DH44VT-GAL4/+ (middle),
and UAS-reaper/Y (right) flies in DD conditions.
(C) Activity plots of individual UAS-reaper/Y; SIFa-
GAL4/+ (left) and SIFa-GAL4/+ (right) flies in DD
conditions.
(D) Model of the circadian output circuit for loco-
motor rhythms. One hemisphere of the fly brain is
depicted. The circuit extends from the master
pacemaker s-LNvs (red), through DN1s (orange),
and onto kurs58+, DH44+ PI cells (blue), which
modulate locomotor rhythms through the release
of DH44 in addition to other, unknown factors. The
s-LNvs likely control DN1 cells through the release
of PDF. PI cells can be divided into Dilp2+ cells
(seven/hemisphere; brown) and kurs58-GAL4+
cells (approximately nine/hemisphere; green).
kurs58-GAL4+ cells can be further subdivided into
SIFa+ (two/hemisphere; pink with green outline)
and DH44+ (three/hemisphere; blue with green
outline). There are approximately four additional
kurs58-GAL4+ cells that express neither DH44 nor
SIFa. For simplicity, only DH44+ and SIFa+ PI cells
are depicted in the brain schematic.
See also Figure S4.behavioral arrythmicity and similarly that ablation of small
subsets of PI neurons results in loss of rest:activity rhythms.
This latter result is consistent with previous studies showing
that surgical destruction of the PI in both crickets and cock-
roaches results in loss of locomotor rhythms (Sokolove and
Loher, 1975; Matsui et al., 2009). We further show that manipu-698 Cell 157, 689–701, April 24, 2014 ª2014 Elsevier Inc.lations of the PI that result in behavioral
arrhythmicity do not affect the underlying
molecular clock in s-LNvs, thus demon-
strating that the PI exerts its effects
downstream of clock neurons.
Importantly, we have uncovered a
segregation of different behavioral and
physiological outputs by specific neurons
of the PI. Thus, kurs58-GAL4+ PI neurons
function to modulate locomotor behavior,
whereas insulin-like peptide-producing
PI cells, which constitute a nonoverlap-
ping subset, influence metabolic pro-
cesses (Rulifson et al., 2002; Broughton
et al., 2005). It will be of interest to deter-
mine whether Dilp2+ cells are also modu-
lated by the clock, because such a result
would suggest that the PI is a common
relay for multiple circadian output circuits
that couple to unique physiological func-tions, each subserved by discrete subpopulations of PI neurons.
Furthermore, within kurs58-GAL4+ cells, there appear to be at
least two subsets of neurons that contribute to rest:activity
cycles. Interestingly, ablation of the SIFa-GAL4+ subset results
in reduced rhythmicity, accompanied by decreases in sleep,
whereas ablation of the DH44VT-GAL4+ subset also results in
reduced rhythmicity, but in this case, the effect on sleep, if any, is
an increase (Figure S4H). Thus, it is possible that these two
molecularly distinct populations control behavioral rhythms
through opposing effects on locomotion and/or sleep, and
thus, that the contribution of a particular subset predominates
depending on time of day.
In conjunction with our behavioral studies, we used GRASP
analysis to trace neuronal connections emanating from the clock
network. We found that s-LNvs, which function as master pace-
makers, make limited connections within the clock cell network
and do not appear to directly access output cells of the PI.
Instead, PI output cells receive time-of-day information through
inputs fromDN1clockcells, asdemonstratedby the fact that pre-
synaptic components ofDN1 cells adjoin dendrites of PI neurons,
in the same brain region where GRASP analysis reveals cellular
contacts between these two cell groups. Several studies corrob-
orate a function of DN1 neurons downstream of s-LNvs to
mediate rest:activity rhythms. Dorsal neurons are responsive to
bath application of PDF (Shafer et al., 2008), and restoration of
the PDF receptor selectively in these neurons of pdfrmutant flies
is sufficient to rescue multiple aspects of circadian locomotor
rhythms (Lear et al., 2009; Zhang et al., 2010a). Furthermore,
speeding up the molecular clock in s-LNvs causes concomitant
acceleration of molecular cycling in several groups of dorsal
neurons, including DN1s (Stoleru et al., 2005). These experi-
ments, along with the current study, argue that DN1 neurons
serve an important output function within the clock network
and likely reside downstreamof s-LNvs in the output circuit for re-
st:activity rhythms. Our data are therefore consistent with a very
simple circadian output circuit, in which time-of-day information
from the clock network,which is generatedbymaster pacemaker
cells (s-LNvs and possibly LNds), passes through dorsal clock
neurons (including DN1s) before accessing downstream output
neurons of the PI, which then integrate these signals to modulate
locomotor rhythms (Figure 5D). Whether the PI also lies down-
stream of other groups of dorsal clock neurons, in addition to
DN1s, or whether all time-of-day signals received by the PI
pass through DN1 cells remains to be determined.
Within the brain, projections from the PI primarily terminate in
the dorsal tritocerebrum; however, more diffuse termination
patterns throughout the central brain and optic lobes have
been observed for SIFa+ PI neurons (Figure S4A; Terhzaz
et al., 2007). The PI also accesses neurohemal organs via the
esophageal canal, as well as directly releasing peptides into
the hemolymph (Rajashekhar and Singh 1994). Thus, signals
released from the PI could either act within neuronal tissue or
systemically via release of peptide neurotransmitters and other
hormones. The latter possibility is consistent with studies that
showed that transplantation of pers brains into the abdomen
of per mutant flies rescued locomotor rhythms (Handler and
Konopka, 1979), demonstrating that release of a secreted factor
underlies brain control of rest:activity rhythms in flies. Similarly,
abdominal transplantation of PI cells is sufficient to alter sexually
dimorphic locomotor patterns, indicating that the PI can modu-
late locomotor behavior in a neuroendocrine manner (Belgacem
and Martin, 2002).
Through single-cell transcriptome analysis, we identified the
CRF-like peptide, DH44, as a candidate molecule through whichPI neurons might influence locomotor behavior. Consistent with
this possibility, RNAi-mediated knockdown, or genetic antago-
nism, of DH44 resulted in altered locomotor behavior and weak-
ened rest:activity rhythms. In addition, selective activation or
destruction of DH44+ PI neurons also substantially weakened
rest:activity rhythms. In flies, DH44 acts as a diuretic hormone,
which stimulates fluid secretion fromMalpighian tubules through
a cyclic AMP (cAMP) pathway (Cabrero et al., 2002). Its role as a
stress molecule is less clear, but DH44 receptor has also been
localized to corazonin+ cells of the lateral protocerebrum (John-
son et al., 2005), which may be involved in the stress response of
the fly (Zhao et al., 2010). Notably, manipulations of neuronal
excitability in corazonin+ cells alter stress-induced locomotor
activity (Zhao et al., 2010). In mammals, stress hormones, such
as glucocorticoids, show diurnal cycles of secretion and serve
as entrainment signals for peripheral clocks (Balsalobre et al.,
2000; Son et al., 2011). Thus, stress hormones may play a
conserved role in circadian regulation of behavioral and physio-
logical processes.EXPERIMENTAL PROCEDURES
Transgenic Fly Lines
For some GRASP experiments, we sought to prevent overlap of GFP1-10 and
GFP-11, and thereby reconstitution of GFP, in the same cells. Thus GFP1-10
was flanked with flippase recognition target (FRT) sites, which allows for
FLP-mediated excision in cells that express GFP1-11. To generate UAS-
FRT-GFP1-10-FRT flies, UAS-CD4::spGFP1-10 (gift from K. Scott) was ligated
into a modified pattB vector between two FRT sites. Flies were generated by
site-specific PhiC31 Integration (Rainbow Transgenics) at attP landing site
VK33 on the third chromosome. We combined this line with LexAop-FLP to
limit GFP1-10 expression to non-LexA-expressing cells. To generate the
Clk4.1-LexA line, LexAVP16-SV40 was isolated from Pdf-LexA (gift from M.
Rosbash) and inserted downstream of the 1.6 kb Clk4.1 enhancer fragment
(Zhang et al., 2010a, 2010b). To generate the QUAS-GFP11 line, a 864 bp
CD4::sp-GFP11 fragment was isolated from LexAop-CD4::spGFP11 (gift
from K. Scott) and inserted into pQUAST (Addgene). QUAS-GFP11 and
Clk4.1M-LexA flies were generated by random p-element insertion (Rainbow
Transgenics). To generate the Dilp2mCherry constructs, mCherry was subcl-
oned from the pmCherry vector (Clontech Laboratories) into pCasPeR4 trans-
formation vector, downstream of the Dilp2 promoter sequence (Rulifson et al.,
2002). Flies weremade by random p-element insertion (RainbowTransgenics).
For DH44 antagonist, we cloned the DH44 cDNA and used PCR to generate an
11-amino-acid deletion in the N-terminal region of the mature peptide. This
was cloned into the pUAST vector, and flies were generated by random
p-element insertion (BestGene). For details on other fly stocks, please see
the Extended Experimental Procedures.
Rest:Activity Rhythm Assays
Locomotor activity assays were performed with the Drosophila Activity Moni-
toring System (Trikinetics) as described previously (Williams et al., 2001). For
dTRPA1 experiments, flies were raised at 18C–21C. Approximately 7-day-
old male flies were entrained to a 12 hr:12 hr (12:12) light-dark (LD) cycle for
3 days at 21C, then transferred to constant darkness (DD) for 5 days at
21C, followed by 5 days DD at 28C. Individual periods were determined
for days 2–5 of 21C and 28C using c2 periodogram analysis, and rhythm
strength was determined by FFT analysis. A fly was considered rhythmic if it
met two criteria: (1) displayed a rhythmwith 95% confidence using c2 periodo-
gram analysis and (2) a corresponding FFT value above 0.01. Because some
flies exhibited bimodal periodicity, we took the larger FFT value for the
determined period or the first harmonic of that period. Rhythm strength was
categorized as weak (0.01–0.03), moderate (0.03–0.05), or strong (R0.05).
For short-term temperature increase experiments, flies were entrained to aCell 157, 689–701, April 24, 2014 ª2014 Elsevier Inc. 699
12:12 LD cycle for 3 days at 21C, then transferred to DD and 21C for 5 days,
followed by 4 days DD at 28C and 5 days DD at 21C.
For reaper, RNAi, and antagonist experiments, 7-day-old male flies were
entrained to a 12:12 LD cycle for >3 days at 25C and then transferred to
DD 25C for 7 days. Period and rhythm strength were determined as above
for days 2–7 of DD.
Immunohistochemistry
Adult fly brains were dissected in cold PBS with 0.1% Triton-X (PBST) and
fixed in 4% formaldehyde for 30–60 min on ice. Brains were rinsed 3 3
10 min with PBST, blocked for 30–60 min in 5% normal donkey serum in
PBST (NDST), and incubated overnight (ON) at 4C in primary antibody diluted
in NDST. Brains were then rinsed 4 3 10 min in PBST, incubated 2 hr in
secondary antibody diluted in NDST, rinsed 43 10 min in PBST, and mounted
with Vectashield. For details on antibodies used, please see the Extended
Experimental Procedures. Immunolabeled brains were visualized with a TCS
SP5 confocal microscope.
For molecular clock analysis, adult flies were entrained to a 12:12 LD cycle
at 21C for 7 days and then transferred to DD and 28C. PER staining was
performed as described above on DD day 2. Six to ten brains of each genotype
were examined for each time point.
Single-Cell RNA Sequencing
Kurs58-GAL4/Dilp2mCherry; UAS-CD8GFP or UAS-nlsGFP/Dilp2mCherry;
c767-GAL4 flies were anesthetized briefly with CO2, glued down onto a
35 mm tissue culture dish (Falcon), and head cuticle was dissected off to
expose the brain. Single GFP+ cells were harvested using pipette aspiration
as previously described (Morris et al., 2011). Briefly, the RNA was processed
through three rounds of aRNA amplification (Eberwine et al., 1992). Libraries
were made from the amplified material using Illumina Truseq v2 reagents.
RNA sequencing and analysis were performed by the Institute for Diabetes,
Obesity and Metabolism Functional Genomics Core at the University of Penn-
sylvania (DRC grant P30DK19525).
Statistics
A repeated-measures two-way ANOVA with Tukey post hoc test was used
to compare FFT for dTRPA1 screen. A two-way ANOVA with Tukey post hoc
test was used to compare FFT for reaper, RNAi, and DH44 antagonist exper-
iments. Only rhythmic flies were included in statistical analyses. p < 0.05 was
considered significant.
SUPPLEMENTAL INFORMATION
Supplemental Information includes Extended Experimental Procedures, four
figures, and two tables and can be found with this article online at http://dx.
doi.org/10.1016/j.cell.2014.02.024.
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